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RESEARCH MEMORANDUM 

ATTENUATION OF TANGENTIAL-PRESSURE OSCILLATIONS I N  A LIQUID- 

OXYGEN - n-HEPTANE ROCiCFT ENGINE WITH LONGITUDINAL F I N S  - 

By Richard J. P r i e m  

SUMMARY 

I n  an e f f o r t  t o  prevent high-frequency combustion-pressure o s c i l l a -  
t i o n s  (screaming), f i n s  w e r e  i n s t a l l e d  i n  the  combustion chamber of a 
1000-pound-thrust rocket  engine with a chamber pressure  of 300 pounds 
per  square inch and using l i q u i d  oxygen and n-heptane as propel lan ts .  

Tangent ia l  combustion-pressure o s c i l l a t i o n s  w e r e  e l iminated with 

- 

l ong i tud ina l  f i n s  loca ted  i n  t h e  combustion zone. 
t h e  liquid-oxygen - n-heptane engine w a s  d i f f e r e n t  from t h a t  of t h e  
n i t r i c  a c i d  - Jp-4 f h  system inves t iga ted  by Theodore Male and W i l l i a m  
R .  Kerslake. With fou r  f i n s  4 inches o r  more i n  length,  complete e l imi-  
na t ion  of t h e  t r a v e l i n g  form of t h e  tangent ia l -pressure  o s c i l l a t i o n  w a s  
obtained when t h e  f r o n t s  of t h e  f i n s  were 3 inches or  l e s s  f r o m t h e  in-  
j e c t o r  face .  

The f i n  p o s i t i o n  f o r  

With t h e  f r o n t s  of t h e  f i n s  loca ted  4 o r  more inches from t h e  i n -  
j e c t o r  face,  t a n g e n t i a l  o s c i l l a t i o n s  were not  eliminated; however, t h e  
Trequency of t h e i r  occurrence w a s  reduced about 40 percent .  

The amplitudes of t h e  pressure  o s c i l l a t i o n s  were est imated from 
s t r e a k  photographs. Fins  were r e l a t i v e l y  ine f f ec t ive  i n  ‘reducing t h e  
amplitude of t h e  pressure  o s c i l l a t i o n s  (measured between t h e  i n j e c t o r  
2nd f i n s )  i n  PJns where o s c i l l a t i o n s  occurred with f i n s .  
creased with increas ing  chamber length.  

Amplitude de- 

Tjnsyinmetrical i n j e c t i o n  p a t t e r n s  were b r i e f l y  inves t iga ted .  These 
i n j e c t o r s  had about t h e  same p robab i l i t y  of screaming as those with sym- 
me t r i ca l  Lzject ion patt .erns and t h e  same amplitude of t h e  pressure  wave. 

All % P S ~ . S  were 0.75 second long. 

INTRODUCTION 

?E cclxrreiice of high-frequency combustion-pressure o s c i l l a t i o n s  
(scresmi?g) a s soc ia t ed  with a resbnant frequency of t h e  combustion chamber 
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i s  a major problem i n  t h e  development of rocke t  engines.  
t i ons  cause increased  h e a t - t r a n s f e r  r a t e s ,  which r e s u l t  i n  engine burnouts.  
Osc i l l a t ions  i n  p a r t i c u l a r  engines have been e l imina ted  by changes i n  
i n j e c t o r  design, nozzle conf igura t ion ,  and s t a r t i n g  sequence, b u t  t h e s e  
methods are not always e f f e c t i v e  i n  o the r  engines.  

These o s c i l l a -  

Severa l  b a s i c  techniques f o r  a t t e n u a t i n g  and e l imina t ing  o s c i l l a t i o n s  
have been inves t iga t ed  experimentally.  
screaming i n  a 1000-pound-thrust, n i t r i c  a c i d  - JP-4 f u e l  rocke t  engine 
( r e f .  1). Acous t ica l  absorbers and changes i n  i n j e c t o r  conf igu ra t ion  have 
been used f o r  a t t e n u a t i o n  of l o n g i t u d i n a l  o s c i l l a t i o n s  i n  several rocke t  
engines (refs. 2 and 3). 
l a t i o n s  i n  t u r b o j e t  a f t e r b u r n e r s  (ref.  4 ) .  

Longitudinal  f i n s  prevented 

Pe r fo ra t ed  l i n e r s  have prevented l a t e r a l  o s c i l -  

The work of re ference  1 w a s  extended t o  determine whether f i n s  would 
e l imina te  screaming i n  a 1000-pound-thrust rocke t  engine using l i q u i d  
oxygen and n-heptane as a p rope l l an t  combination. 
the e f f e c t  zf f i n  p o s i t i o n ,  f i n  l eng th ,  ox idant - fue l  weight r a t i o ,  and 
chamber l eng th  on t h e  screaming p r o b a b i l i t y  of a liquid-oxygen - n-heptane 
engine. 
e l imina te  screaming, i n j e c t o r s  producing unsymmetrical mass flow and d i s -  
t r i b u t i o n s  of oxidant - fue l  weight r a t i o  were a l s o  used. 

This  r e p o r t  cons iders  

To determine whether changes i n  i n j e c t o r  d i s t r i b u t i o n  coEld 

The occurrence and s t r e n g t h  of t h e  o s c i l l a t i o n s  were determined by 
photographing t h e  combustion gases through a narrow window wi th  a 
continuous-moving-strip camera. The window was perpendicular  t o  t h e  
long i tud ina l  axis of t h e  chamber. 

EQUIPMENT 

Engine. - The rocket  engine was designed f o r  a t h r u s t  of 1000 pounds 
and a chamber p re s su re  of 300 pounds p e r  square inch. 
c y l i n d r i c a l  combustion chamber and a convergent-divergent nozzle  were 
used ( f i g .  1). 

A 4-inch-diameter 

The combustion chamber had interchangeable  s e c t i o n s  s o  t h a t  t he  cham- 
ber l eng th  could be var ied  from 2 t o  29 inches .  
ped wi th  a 1/4-inch t r anspa ren t  Luc i t e  r i n g  f o r  viewing t h e  combustion 

1 gases. 
2 

t o r .  
plug was used f o r  s t a r t i n g .  

The engine w a s  a l s o  equip- 

This r i n g  w a s  always l o c a t e d  1- inches from t h e  f a c e  of t h e  i n j e c -  

A spark  Figure 2 shows a disconnected assembly of t h e  engine p a r t s .  

Uncooled f i n s  made of s teel  b a r  s tock  (1 by l / Z  i n . )  were loca t ed  i n  
the chamber at d i s t ances  of 2 t o  18 inches from t h e  f a c e  of  t h e  i n j e c t o r .  
Four f i n s  were always used f o r  t hese  t e s t s ,  and t h e  l eng th  of t h e  f i n s  
varied between 4 and 26 inches.  



In jec t t j r s .  - Schematic drawings of  the f i v e  d i f f e r e n t  ir;.jectors -- 
used i n  this i nves t iga t ion  are shown i n  f igu re  3. 
whic3 w a s  used f o r  mJst of the  inves t iga t ion ,  w a s  an annular  t r i p l e t  design 
with two axidant  streams impinging on one f u e l  stream. The same i n j e c t o r  
design w a s  used i n  re ferences  1 and 5 and i s  descr ibed there in .  

I n j e c t o r  A (bas i c ) ,  

The remaining four  in Jec to r s  were designed t o  produce uneven propel-  
l a n t  d i s t r i b u t i o n  i n  t h e  chamber. In j ec to r  B had a l l  24 sets  of impinging 
j e t s  i n  an a r c  encompasstng seven-eights of  a c i rc le .  I n j e c t o r  C had the 
in.jector d iv ided  i n t o  four  quadrants. I n  t he  second and f o u r t h  quadrants 
the in. jector w a s  i d e n t i c a l  t o  t he  basic in j ec to r .  I n  the  first and t h i r d  
quadrants t h e  d i s t ance  between t h e  center  of t h e  i n j e c t o r  and f u e l  o r i f i c e s  
was reduced from 1.375 t o  0.687 inches. 

In Jec to r  D had a l t e r n a t e  sets of  la rge  and s m a l l  i n j e c t o r  ho les .  
J e c t a r  E had the  p rope l l an t  ,jets turned a n  a d d i t i o n a l  ZOO towards t h e  
enamber a x i s  i n  the  second and f o u r t h  quadrants. 

In-  

P rope l l an t s .  - I n  a l l  cases the  oxidant w a s  l i q u i d  oxygen and t h e  
f del w a s  E-heptane. 

Instrumentat ion.  - Rocket-engine th rus t  w a s  measured by a s t r a i n -  
Propel lant  f lows were measured gage load  c e l l  ( accuac j - ,  &? percen t ) .  

by rotat ing-vane-type flowmeters (accuracy, 23 percen t ) .  
p ressure  w a s  measured 'cy a recording Bourdon-tube gage (accuracy, k3 
percen t ) .  

Average chamber 

A continuous-moving-film 16-millimeter camera w a s  used f o r  de t ec t ing  
end measuring screaming phenomena. 
110 fee t  pe r  second. To ob ta in  la . tera1 s t reak  records,  t h e  camera w a s  
so or i en ted  t h a t  t he  f i l m  would move perpendicular t o  t h e  window s l i t ;  
consequently, t h e  film moved para l le l  t o  the gas flow. Figure 4 i s  a 
schematic i l l u s t r a t i o n  of  the  method of l a t e r a l  s t r e a k  photography, 

The f i l m  speed var ied  between 60 and 

OPERATIONAL PROCEDURE 

The rocket  w a s  operated by t h e  following procedure: Automatic record-  
ing  instruments  were turned on, and t h e  liquid-oxygen p rope l l an t  valve w a s  
opened 0.85 second la ter  and began c los ing  a t  1 .65 seconds. 
g -ope l lan t  valve w a s  opened at 1.00 second and began c l o s i n g  at 1.60 
seconds. The camera w a s  s t a r t e d  a t  1.00 second. The spark p lug  was 
energized ?or the  e n t i r e  run .  This  procedure gave a t o t a l  running t ine 
,2f 0.7s second. 

The f u e l  

ANALYSIS OF PHOTOGRAPHIC DATA 

- .. p1Jy Ai f fe ren t  types of combustion were observed i n  t h i s  study. I n  
?dditic.: 79 smooth combustion, t h ree  forms of o s c i l l a t o r y  combustion 
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. . .  
occurred: t h e  l o n g i t u d i n a l  mode, and t h e  s t and ing  and t r a v e l i n g  forms 
of the t a n g e n t i a l  inode. 
t a n g e n t i a l  modes a r e  shown schemat ica l ly  i n  f i g u r e  5. 
i n  t n i s  r e p o r t  i s  t h e  same as used i n  r e f e r e n c e  6. 
t h e  t a n g e n t i a l  mode of  o s c i l l a t i o n  c o n s i s t s  of a p r e s s u r e  wave t h a t  
travels d i a m e t r i c a l l y  from one s i d e  of t h e  chamber t o  t h e  o t h e r .  
t r a v e l i n g  wave form of t h e  t a n g e n t i a l  mode of o s c i l l a t i o z  has a p r e s s u r e  
wave t h a t  travels c i r c u m f e r e n t i a l l y  around t h e  chamber. 
mode i s  cha rac t e r i zed  by a p r e s s u r e  wave t h a t  t r a v e l s  between t h e  i n j e c t o r  
and t h e  nozzle .  

The v e l o c i t y  and p r e s s u r e  d i s t r i b u t i o n s  of the 
The nomenclature 

The s t and ing  form of 

The 

The l o n g i t u d i n a l  

Each of t h e  fou r  types of combustion ilroduces d i f f e r e n t  images on t h e  

For t h e  l o n g i t u d i n s l  oscil- 
moving f i l m  ( f i g .  6 ) .  
with no d i s t i n c t  p e r i o d i c  motion or p a t t e r n s .  
l a t i o n s  ( f i g .  6 ( b ) ) ,  a b r i g h t  band appears  on t h e  f i l m  each t i m e  t h e  wave 
crosses  t h e  window. This  photograph was taken c l o s e  t o  t h e  i n j e c t o r ;  
t he re fo re ,  t h e  wave t r a v e l i n g  towards t h e  i n j e c t o r  i s  almost superimposed 
on the  wave t r a v e l i n g  from t h e  in . jector .  

Smooth combustion ( f i g .  6 ( a ) )  has  random s t r e a k s  

The t a n g e n t i a l  modes of o s c i l l a t i o n  produce d i f f e r e n t  photographs 
depending on the  wave form and t h e  o r i e n t a t i o n  o f  t h e  camera wi th  r e s p e c t  
t o  t h e  wave ( f i g s .  6 ( c ) ,  (d . ) ,  and ( e ) ) .  
there  i s  a b r i g h t  band running d i agona l ly  ac ross  t h e  f i l m  ( f i g .  6 ( c ) ) .  
Superimposed on t h i s  band i s  a wave p a t t e r n  of t h e  combustion s t r e a k s .  
With t h e  s t and ing  wave two d i f f e r e n t  p i c t u r e s  are obta ined ,  depending on 
the o r i e n t a t i o n s  of t h e  camera t o  t h e  wave. When t h e  camera views t h e  
node poin t  ( p o s i t i o n  of m a x i m u m  p res su re  v a r i a t i o n  and zero d isp lacement ) ,  
a b r igh t  band appears  on t h e  f i l m  and t h e  combustion s t r e a k s  a r e  r e l a t i v e l y  
s t r a i g h t  ( f i g .  6 ( e ) ) .  When the  camera. views t h e  an t i -node  p o i n t  ( p o s i t i o n  
of zero p re s su re  v a r i a t i o n  and maximum displacement ) , t h e  s t and ing  wave 
produces t h e  photograph shown i n  f i g u r e  6 ( d ) .  
but t he  combustion s t r e a k s  have a wave p a t t e r n .  

With t h e  t r a v e l i n g  wave form 

There a r e  no b r i g h t  bands,  

The var ious  forms of t he  t a n g e n t i a l  o s c i l l a t i o n s  can be determined 
more r e a d i l y  by viewing t h e  chamber s imultaneously from two d i f f e r e n t  
angles as i l l u s t r a t e d  i n  f i g u r e s  6 ( f )  and ( g ) .  
produces almost i d e n t i c 7 1  photographs i n  bo th  views as seen i n  f i g u r e  6(f). 
The s t and ing  wave produces t h e  t w a  images descr ibed  p rev ious ly  i f  t h e  
camera i s  a l i n e d  wi th  t h e  nodes as shown i n  f i g u r e  6(g) .  

The t r a v e l i n g  wave 

RESULTS 

Engine Performance w i t h  I n j e c t o r  A 

The performance of  t h e  engine w a s  determined from t h e  s p e c i f i c  
imp u Is e 

F I = -  
W 



( A l l  symbols are def ined i n  zppendix A.) 
s p e c i f i c  i m p n l s e  with t h e  oxidant - fue l  weight r a t i o  
d a t a  f a l l  between 90 and LOO percent. of t!-eoretical  s p e c i f i c  impulse. The 
performance obtained with var ious chamber lengths  i s  shown i n  f i g u r e  8. 
The performance a t  f irst  increases  with chamber length,  bu t  t h e r e  is  l i t t l e  
change above 8 inches. The experimental  s c a t t e r  is  approximately +5 per-  
cen t .  

F igure  7 shows the  v a r i a t i o n  of  
o/f .  Mast of t he  

The change i n  perforrmice with screaming i s  i l l u s t r a t e d  by t h e  h i s -  
t o g r m  of f i g u r e  9. 
Jf runs within 2-percent performance i n t e r v a l s  by the  t o t a l  runs. This  
p l o t  snows t h a t  with smooth combustion the peak o f  t he  histogram is at  a 
performance of  93 percent  of  t h e o r e t i c a l  s p e c i f i c  i m p u l s e .  With screaming 
c4xnbustion t h e  peak is s h i f t e d  t o  95 percent of  t h e o r e t i c a l  s p e c i f i c  
impulse. Appxen t ly  a small increese  i n  performance accompanies screaming. 
A summary of t h e  performance da ta  i s  given i n  table I. 

The percentages were obtained by d iv id ing  the  number 

Ef fec t  of F ins  with I n j e c t o r  A 

Oxidant-fuel weight r a t i o  less than 2.5. - I n  t h e  range of o/f from 
1.5 t o  2.5, 61 percent  of t h e  r u n s  without f i n s  had t h e  t r a v e l i n g  wave 
form of o s c i l l a t i o n  ( t a b l e  I). 
smooth. If f i n s  were placed i n  t h e  chamber s o  t h a t  t h e  f r o n t s  o f  t h e  f i n s  
were 3 inches or  less from t h e  i n j e c t o r  face,  a l l  t h e  runs  were smooth 
( f i g .  10). 
t he  i n j e c t o r  f ace ,  39 percent  of t he  runs had t h e  t r a v e l i n g  wave form and 
61 percent  were smooth. F in  p o s i t i o n  and length  are shown schematical ly  
i n  f i g u r e  l O ( a )  wi th  t h e  type of combus t ion encountered. 

The o the r  39 percent  of  the runs  w e r e  

If t h e  f r o n t s  o f  t he  f i n s  were p laced  4 inches or more from 

Oxidant-fuel weight r a t i o  g r e a t e r  than 2.5. - I n  t h e  range of 
from 2.5 t o  4.0, 97 percent  of the runs  without f i n s  had t h e  t r a v e l i n g  

o/f  

wave form. The o the r  3 percent  of  t h e  Funs were smooth. If f i n s  were 
p laced  i n  t h e  chamber so t h a t  t h e  f r o n t s  were 3 inches or  less from t h e  
in.jector face ,  10 percent  of the  runs had the s tanding  wave form and 
90 percent  were smooth runs.  If the  f ronts  o f  the f i n s  were placed 4 
inches or more from the  i n j e c t o r  face ,  45 percent  of  t h e  runs  had the 
t r a v e l i n g  wave and 29 percent  had the  s tanding wave. The s tanding wave 
usua l ly  occurred with chamber lengths  between 1 4  t o  2 1  inches as shown i n  
f i g u r e  10 (b ) .  

S t r eng th  o f  waves. - The s t r eng th  o f  the t r a v e l i n g  wave form of  t h e  

t s n g e n t i e l  o s c i l l a t i o n  at a d i s t ance  of 1- inches from t h e  i n j e c t o r  f a c e  
w a s  es t imated by the  technique descr ibed i n  appendix B. Figure 11 i l l u s -  
t r a t e s  t he  v a r i a t i o n  of pressure  amplitude with length .  The amplitude at 
f i rs t  decreased with increas ing  length,  but  there i s  l i t t l e  change i n  
amplitude f o r  lengths  greater than 11 inches. The observed v a r i a t i o n s  i n  

1 
2 
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Oxidant-fuel  
weight r a t i o ,  

1.5 t o  2.5 

wave p res su re  a r e  shown by t h e  histogram of f i g u r e  1 2 .  Without f i n s  i n  
t h e  chamber t h e  histogram peaked at a r a t i o  o f  wave p res su re  t o  chamber 
pressure  of 0.32. With f i n s  i n  t h e  chamber t h e  peak of t h e  histogram w a s  
decreased s l i g h t l y  t o  a r a t i o  of 0.29. 

Screaming runs 
T o t a l  runs  

Ef fec t  of I n j e c t o r  Design on Screaming P r o b a b i l i t i e s  

Screaming 
runs,  

percent  

The r a t i o  of screaming runs  t o  t o t a l  runs  for t h e  var ious  i n j e c t o r s  
i s  given i n  t h e  fol lowing table: 

60 
33 
0 

LOO 
0 

Oxidant-fuel  
weight r a t i o ,  

2.5 t o  4.0 

Screaming runs  
T o t a l  runs  

26/27 
3/5 
3/3 
1/1 
2/2 

Screaming 
runs,  
percent  

96 
60 
100 
100 
100 

All t he  i n j e c t o r s  produced some screaming runs.  The only  i n j e c t o r  

This deduc- 

A l l  i n j e c t o r s  had about t h e  same range 

which ind ica t ed  a decrease i n  t h e  screaming p r o b a b i l i t y  w a s  i n j e c t o r  B 
( f ig .  3) which decreased t h e  p r o b a b i l i t y  about 30 percent .  
t i o n  i s  made on t h e  b a s i s  of two t o  four  runs and, t he re fo re ,  does not 
represent  t h e  t r u e  p r o b a b i l i t y .  
of amplitude ( f i g .  11). 

Dest ruc t iveness  of Screaming 

The des t ruc t ion  of t h e  engine when ope ra t ing  under screaming condi- 
t i ons  w a s  eva lua ted  by observing t h e  e ros ion  and burning of var ious  en- 
gine components. This 
increased burning could r e s u l t  from an inc rease  i n  t h e  h e a t - t r a n s f e r  co- 
e f f i c i e n t  o r  from a p e c u l i a r i t y  of t h e  spark plug. Very l i t t l e  burning 
took p l ace  with smooth runs or  runs with  l o n g i t u d i n a l  p re s su re  o s c i l l a -  
t i ons  ( f i g .  13(a)). 9nly t h e  o u t e r  e l ec t rode  w a s  eroded with these  two 
types of combustion. 

The g r e a t e s t  burning occurred i n  t h e  spark plug. 

With the  s tanding  wave, t h e  burning o f  t h e  spark p lug  d i f f e r e d  w i t h  
i t s  various loca t ions .  When t h e  spark p lug  w a s  l oca t ed  at t h e  node point 
(pos i t i on  of maximum p res su re  v a r i a t i o n ) ,  t h e  cen te r  e l ec t rode  and 



p o r c e l a i n  were eroded when o s c i l l a t i o n s  occurred ( f i g .  1 3 ( c ) ) .  
anti-node p o i n t  ( p o s i t i o n  of zero pressure v a r i a t i o n ) ,  only p a r t  of the 
po rce l a in  w a s  removed ( f i g .  13( d)  ) . 

A t  the 

The burning of the i n j e c t o r  f ace  i l l u s t r a t e d  i n  f i g u r e  1 4  shows the 
burning that  occurred w i t h  60 runs of 0.75-second dura t ion  each. The 
burning w a s  i n s ide  the i n j e c t o r - o r i f i c e  r ing  i n  c o n t r a s t  t o  t h e  burning 
observed w i t h  n i t r i c  a c i d  i n  re ference  1, where i t  w a s  ou t s ide  t h e  r i n g .  

The amount of burning of the f i n s  i s  shown i n  f i g u r e  15. Four 
unused f i n s  and fou r  f i n s  used i n  the chamber f o r  two runs of 0.75 
second are shown. Most of the burning was on the upstream edge of the 
f i n s .  

DISCUSS ION 

The c r i t i c a l  l o c a t i o n  of the f i n s  requi red  t o  e l imina te  combustion- 
p re s su re  o s c i l l a t i o n s  are a l s o  observed i n  r e fe rence  1 which f i n d s  that ,  
w i t h  a s i m i l a r  engine using n i t r i c  a c i d  and Jp-4 as p rope l l an t s ,  the 
c r i t i c a l  f i n  l o c a t i o n  i s  8 t o  1 6  inches from the i n j e c t o r .  It i s  specu- 
l a t e d  that  t h i s  l oca t ion  i s  a func t ion  o f  the reg ions  of high hea t  
r e l e a s e .  With t h e  l i<nid-oxygen - n-heptane system repor t ed  here in ,  
maximum a t t enua t ion  w a s  obtained when f i n s  were loca ted  i n  the r eg ion  2 
t o  8 inches from the i n j e c t o r  f a c e  as shown i n  f i g u r e  10. This reg ion  
a l s o  corresponds t o  the high energy r e l e a s e  o r  combustion zone as shown 
i n  f i g u r e  8. 
obtained when t h e  f i n s  are i n  the combustion zone. Thus optimum f i n  loca-  
t i o n  i s  a func t ion  of t h e  i n j e c t o r  and propel lan ts .  

Therefore, i t  can be concluded that maximum a t t enua t ion  i s  

F ins  l o c a t e d  beyond t h e  combustion zone produced l i t t l e  e f f e c t  on 
t h e  amplitude of the wave moving i n  t h e  combustion zone ( f i g .  1 2 )  and w e r e  
r e l a t i v e l y  i n e f f e c t i v e  i n  e l imina t ing  screaming as shown i n  f i g u r e  10. 
I n  order t o  be  e f f e c t i v e ,  f i n s  m u s t  therefore  remove energy from t h e  p re s -  
su re  wave at the l o c a t i o n  where the wave i s  r ece iv ing  energy. F ins  o u t s i d e  
the combustion zone absorb some energy, b u t  not n e c e s s a r i l y  enough t o  
prevent  o s c i l l a t i o n s .  

The i n v e s t i g a t i o n  of the e f f e c t  of unsymmetrical d i s t r i b u t i o n  of mass 
flow and on screaming occurrence has shown that the occurrences of 
screaning can be reduced by varying the  i n j e c t o r  design. However, unsym- 
m e t r i c a l  i n j e c t o r  designs do not appear t o  be a technique f o r  prevent ing  
screaming. Such schemes could be incorporated w i t h  o t h e r  techniques,  
which i n  themselves could not e l imina te  screaming, thereby  combining the 
e f f e c t s  t o  prevent  d e s t r u c t i v e  o s c i l l a t i o n s .  

o/f 
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SUMMARY OF RESULTS 

The investigation of attenuation of tangential combustion-pressure 
oscillations with longitudinal fins reported in an investigation by 
Theodore Male and William R. Kerslake was extended to a 1000-pound- 
thrust rocket engine with a chamber pressure of 300 pounds per square 
inch and using liquid oxygen and n-heptane as propellants. The combustion 
chamber was 4 inches in diameter and had a variable length of 2 to 29 
inches. All tests were 0.75 second long. Four fins were attached 
axially to the chamber wall in symmetrical positions equidistant from the 
injector. 

The results of this investigation are: 

1. Tangential oscillations were prevented with fins located within 
3 inches of the injector. 

2. Occurrence of tangential oscillations was reduced by 40 percent 
with fins located 4 inches or more from the injector. 

3. Fins that did not eliminate oscillations also did not appreciably 
1 
2 reduce the amplitude of the oscillations observed 1- inches from the 

injector. 

4. Performance values accompanying screaming were distributed about 
a mean of 95 percent of theoretical- specific impulse; for smooth combus- 
tion, about a mean of 93 percent. 

5. Tangential pressure oscillations produced more engine damage than 
longitudinal oscillations os smooth combustion. 

6. Injectors that produced unsymmetrical distributions of mass flow 
and oxidant-fuel weight ratio did not eliminate oscillations. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, March 13, 1956 



RACA FQ4 E56C09 

0.  ... 0 . 0 .. 0 .  0 0.. . 0.0 .. 
0 0 .  ... 0 . 0  0 .. 0 .  0 0  . 0 eo 0 8 . 0  0 . .  0 .  . 0 . 0  0 .  .. 

0. 0 . 0 0.0 0.  

APPENDIX A 

SYMBOLS 

a speed of sound, in./sec 

F t h r u s t ,  l b  

I s p e c i f i c  impu l se ,  lb-sec/ lb  

o/f ox idant - fue l  weight r a t i o  

P pressure ,  lb/sq in .  

P, 

R 

S f i l m  speed, in./sec 

T average gas temperature, OR 

V 

V 

W t o t a l  p rope l l an t  flow, lb/sec 

X 

P dens i ty ,  lb/cu i n .  

average chamber pressure ,  lb/sq i n .  

gas constant  sq in- / (  s e d )  (OX) 

gas v e l o c i t y  with respec t  t o  s t a t iona ry  po in t ,  in. /sec 

gas v e l o c i t y  with respec t  t o  wave, in./sec 

camera magnif icat ion,  length  on f i lm/length i n  engine 

Subscripts: 

av average 

1 condi t ion  before  shock 

2 condi t ion  a f t e r  shock 

9 
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APPENDIX B 

THEORY FOR CORRELATING WAVE PRESSURES WITH PARTICLE VELOCITIES 

Some means of measuring the  amplitude of t h e  p re s su re  wave i s  
des i rab le  i n  order  t o  determine t h e  e f f e c t  of t h e  f i n s  on  t h e  i n t e n s i t y  
of  the o s c i l l a t i o n s .  
w i t h  t h e  wave motion of t h e  combustion s t r e a k s .  
crude approximation because of the  assumptions t h a t  one-dimensional- 
flow theory i s  va l id ,  t h a t  t h e  energy added t o  o r  l o s t  i n  t h e  wave can 
be  neglected,  t h a t  t h e  i d e a l  gas l a w  r ep resen t s  t he  s t a t e  of t h e  gases,  
and t h a t  t h e  shock wave moves at the  speed of sound. 

This  w a s  obtained by c o r r e l a t i n g  the wave p res su re  
However, t h i s  i s  a 

With these  Limitat ions i n  mind, t he  r e l a t i o n  between p a r t i c l e  veloc- 
i t y  and wave pressure  i s  obtained with the  he lp  of t h e  fol lowing f igu re :  

A 
I 

Gas i s  flowing toward a s tanding wave A-A a t  a veloc ty  vl, p re s su re  pl 

and dens i ty  pl. After  the shock, t h e  p re s su re  i s  P2, ve loc i ty  i s  v2, 
and  dens i ty  p2. 

The momentum equat ions r e l a t e  the increase  i n  momentum of  t he  gas 
per u n i t  time t o  the  n e t  fo rce  a c t i n g  on the gas i n  t h e  same d i r ec t ion .  
For t h i s  case t h e  equat ion becomes 

PI + P L V l  2 = p2 + P2VZ 2 (BO 

The con t inu i ty  equat ion reasires  t h a t  

P 1 V 1 '  P Z V Z  (B2 1 

Combining equations (Bl) 2nd ( B 2 )  g ives  t h e  following equation: 

2 2 (&+$ v2 - v1 = (Pl - Pz) 

The pressure  r i se  across  t h e  wave i s  
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. .~ . 

I f  an average dens i ty  Pav i s  used so tha t  

and, i f  

the:! 

is def ined as the  wave s t rength .  
p2 - pl where 

pc! 

If t h e  wave is  t r a v e l i n g  a t  t h e  speed of sound a, t h e  v e l o c i t i e s  
vL and v2 are r e l a t e d  t o  t h e  v e l o c i t i e s  w i t h  r e spec t  t o  a s t a t i o n a r y  

p o i n t  s by 

v2 + a = V2 

Then 
2 2 

P2 - PL (vZ - vl)a v1 - v2 
-f- 2RT - - RT pc 

The wave Pressure  i s  t h e r e f o r e  determined by measuring t h e  p a r t i c l e  ve loc i -  
t i es  be fo re  and after t h e  wave has passed through t h e  gas. 

The p a r t i c l e  v e l o c i t i e s  were determined from t h e  f i l m  by t h e  
fol lcwfng technique. Tang3nts ana CD were drawn t o  the  m a x i m u m  
sl?pe of t h e  combustion streaks, as i l l x t r a t e d  ir, t h e  following sketch: 

n 

A' \ D 
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P a r t i c l e  v e l o c i t i e s  were then obtained from t h e  fol lowing equat ion:  

L .  . d e ,  Theodore, and Kerslake,  W i l l i a m  R.: 
Screaming i n  Rocket Engines. NACA RM E54F28a, 195-1. 

A Method f - r  Pr  vention of 

2 .  Lawhead, Robert B., and Grossklaus, A l b e r t  A.: Rocket Engine Vibra- 
t i o n  S tudies .  Rep. AL-1590, Supplemental Summary Rep. f o r  pe r iod  
ending Dec. 15, 1952, North American Aviation, Inc. ,  Dec. 15, 1952. 
(Contract AF 33(038)-19430, P ro j .  MX 919.) 

3. Anon.: Development of AJll-9 Liquid-Propel lant  Booster Rocket. Rep. 
No. 611, Apr. 1, 1951-Mar. 31, 1952, Aerojet  Eng. Corp., Nov. 20, 
1952. 
19589, Pr0.j. MX-1599. ) 

(Boeing Subcontract,  U.S. A i r  Force Contract AF 33(038)- 

4. Lewis  Laboratory S ta f f :  
t h e  Charac t e r i s t i c s  of Combustion Screech i n  Ducted Burners. NACA 
RM E54B02, 1954. 

A Summary of Prel iminary Inves t iga t ions  i n t o  

5. Male, Theodore: Kerslake,  W i l l i a m  R. ,  and T i sch le r ,  Adelbert  0.: 
Photographic Study of Rotary Screaming and Other O s c i l l a t i o n s  i n  a 
Rocket Engine. NACA RM E54A29, 1954. 

6. Smith, R. P., and Sprenger, D. F.: Combustion I n s t a b i l i t y  i n  So l id -  
Propel lan t  Rockets. 
The W i l l i a m s  & W i l k i n s  Co., 1953, pp. 893-906. 

Fourth Symposium ( I n t e r n a t i o n a l )  on Combustion, 
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I. - PERFORMANCE QATA OF 1000-POUND-THRUST ROCKET ENGINE 

None 

USING LIQUID OXYGEN AND n - " E  AS PROPELLANTS - 

I 

Run 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

muvst , 
lb 

1030 
1070 
1040 
1100 
1090 

1120 
1130 
1100 
1060 
1080 

1108 
1130 
1030 
1110 
1130 

1110 
1140 
1150 
1080 
1085 

1110 ---- 
---- 
-e-- 

1000 

920 
850 
1180 
945 
1100 

975 
1100 
1085 
1160 
1140 

lxidant  - 
rue1 
{eight 
'at i o  

3.35 
4.50 
3.25 
4.16 
3.64 

2.65 
2.31 
3.95 
1.82 
3.89 

4.08 
2.06 
2.35 
3.10 
3.72 

4.17 
3.00 
2.05 
3.75 
2.11 

3.77 
m3.5 
22.0 
z2.0 
3.68 

1.70 
1.74 
3.60 
1.78 
3.55 

1.85 
3.17 
2.76 
2.43 
2.13 

rot& 
?rope l l a n t  
?low rate, 

lb/sec 

4.61 
5.01 
4.25 
4.96 
4.64 

4.61 
4.73 
4.79 
4.62 
4.68 

4.77 
4.60 
4.45 
4.56 
4.82 

4.78 
4.59 
4.65 
4.75 
4.71 

4.77 ---- 
---- 
---- 
4.51 

4.32 
4.01 
4.67 
4.50 
4.69 

4.51 
4.60 
4.52 
4.58 
4.70 

Specific 
impulse, 
Lb - sec/ lb 

223 
213 
244 
230 
235 

243 
239 
229 
230 
233 

235 
245 
254 
248 
235 

23 2 
248 
247 
225 
231 

23 2 --- 
--- 
--- 
223 

214 
212 
26 2 
215 
235 

215 
239 
239 
25 2 
243 

19 
19 
19 
19 
19 

19 
19 
19 
19 
19 

34.5 
34.5 
34.5 
34.5 
34.5 

14 
14 
14 
20 
20 

20 
20 
20 
20 
20 

20 
20 
20 
20 
20 

20 
14 
14 
14 
14 

Fins 

a Travel ing wave form o f  t a n g e n t i a l  mode of o s c i l l a t i o n .  

10 
10 

b n e  
6 
6 

Yone 
14 

14 
14 
12 
12 

Yone 

gone 
6 
6 
6 
6 
- 

me of 
:ombus t ion  
~ s c  i l la t  i o n  

%ravel ing  
Travel ing 
Travel ing 
Travel ing 
Travel ing 

Smooth 
Smooth 
Travel ing 
Travel ing 
Travel ing 

Travel ing 
Travel ing 
Travel ing 
Travel ing 
Travel ing 

Travel ing 
Travel ing 
Trave 1 ing  
Longitudinal 
Smooth 

Travel ing 
Longi tudinal  
Smooth 
Travel ing 

bStanding 

Travel ing 
Trave l ing  
S t  anding 
Travel ing 
Travel ing 

Travel ing 
Standing 
Smooth 
Standing 
Smooth 

- 
bstanding-wave form o f  tang  o s c i l l a t i o n .  
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TABLE I. - Continued. PERFORMANCE DATA OF 1000-POUND-THRUST ROCKET 

ENGINE USING LIQUID OXYGEN AND n-HEPTANE AS PROPELLANTS 
- 
:un 

- 
36 
37 
38 
39 
40 

4 1  
42 
43 
44 
45 

46 
47 
48 
49 
50 

51 
52 
53 
54 
55 

56 
57 
58 
59 
6C 

61 
62 
62 
64 
65 

6f 
67 
6E 
6: 
7c - 

h r u s t  , 
lb 

1105 
1150 
1150 
1155 
1100 

998 
1170 
1075 
1090 
1105 

1115 
1105 
1040 
1100 
1030 

1100 
1035 
1120 
1145 
1140 

1160 
1130 
1090 
1130 
1100 

---- 
---- 
---- 
- - - -  
1105 

1110 
1165 
1105 
1190 
1170 

x idant  - 
uel  
e igh t  
a t i o  

3.55 
2.08 
3.75 
3.65 
3.67 

1.80 
2.03 
3.13 
2.07 
3.65 

2.02 
3.35 
2.02 
2.22 
2.93 

3 .68  
2.02 
2.19 
3.17 
2.07 

3.38 
3.41 
2.03 
2.04 
3.29 

"3.2 
"2.0 
"3.2 
"1.7 
3.00 

1.86 
3.45 
3.00 
2.16 
3.45 

3tal 
rope l l an t  
low rate, 

lb / sec  

4.81 
4.80 
4.87 
4.65 
4.77 

4.33 
4.97 
4.42 
4.67 
4.77 

4.38 
4.67 
4 .62  
4.72 
4.35 

4.77 
4.53 
4.74 
4.80 
4.83 

4.69 
4.67 
4.69 
4.70 
4.82 

- - - -  
---- 
e--- 

---- 
4.53  

4.73 
5.03 
4.67 
4.99 
4.77 

- 
peci f i c  
npulse , 
b - sec /lb 

____ 
229 
239 
236 
249 
230 

2 29 
235 
24 2 
233 
231 

25 3 
237 
2 25 
233 
237 

231 
228 
237 
236 
235 

247 
241 
233 
235 
229 

--- 
--- 
- -- 
--- 
245 

235 
23 2 
237 
239 
245 

hambe r 
ength, 
i n .  

1 4  
1 4  
1 4  
20 
1 4  

1 4  
1 4  
23 
23 
23 

23 
23 
23 
23 
32  

32  
32 
32  
32 
32 

32  
32  
32 
32 
23 

9 
9 
9 
9 

11.5 

11.5 
11.5 
1 6  
16  
16 

F ins  
e g i n  

4 
4 

None 
4 
6 

6 
6 
6 
6 

None 

None 
4 
4 
4 

1 2  

1 2  
1 2  
1 2  
4 
4 

Nom 
8 
8 
8 
2 

2 
2 

Nonc 
Nonc 

4.1 

4 .! 
4.* 
5 
5 
5 

- 
:nd 

8 
8 

[one 
8 

10 

10 
10 
10 
10 
$0 ne 

$one 
8 
8 
8 

1 6  

1 6  
1 6  
1 6  
8 
8 

None 
1 2  
1 2  
1 2  
16  

6 
6 

No K i f  

Nont 
8.1 

8.1 
8.1 
't 
9 
9 

'ype of 
:ombus t ion 
) s c i l l a t i o n  

j tanding 
3mooth 
Craveling 
j tanding 
3 t  andi ng 

Craveling 
smooth 
Frave li ng 
r rave l ing  
Frave l i n g  

B a v e l i n g  
Standing 
Smooth 
Smooth 
Traveling 

Trave l i n g  
Trave l i n g  
Travel ing 
Smooth 
Trave l i n g  

Travel ing 
Travel ing 
Trave li ng 
Travel ing 
Smooth 

Smooth 
Smooth 
Trave ling 
Travel ing 
Smooth 

Standing 
Smooth 
TrLveling 
Smooth 
S t  anding __ 
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- 

Run 

- 

7 1  
72 
73 
74 
75 

76 
77 
78 
79 
80 

81 
82 
83 
84 
85 

86 
87 
88 
89 
90 

9 1  
92 
9 3  
94 
95 

96 
97 
98 
99 
LOO 

LO1 
LO 2 
LO3 
LO4 
LO5 - 

BIZ I. - Continued. PEHFORMANCE DATA OF 1ooO-POUND-THRUST ROCXET 

ENGINE USING LIQUID OXYGEN AND n - " E  AS PROPELLANTS - 
%rust, 
lb 

3xidant - 
fue l  
i?eight 
rat i o  

2.06 
23.5 
=2.0 
=3.5 
=2.0 

3.25 
2.08 
1.86 

=3.5 
"2.0 

"3.5 
3.21 
2.07 
1.72 
3.52 

2.21 
2.19 
3.26 
2.10 
2.22 

3.53 
2.98 
1.96 
2.53 
3.36 

3.50 
1 . 9 1  
2.08 

= 2.94 
= 2.0 

2.10 
2.00 
2.84 
3.25 
2.88 

Cotal 
?ropellant 
low rate, 

lb/ se c 

specific 
impulse, 
Lb- sec/lb 

lhamber 
.ength, 

i n .  

1 6  
18 
18 
18 
18 

26 
26 
26 
25 
25 

25 
25 
25 
25 
25 

25 
25 
23 
23 
23 

23 
23 
23 
23  
23 

23  
2 3  
23  
32 

5 
5 
7 
7 

25 

Fins 
% g i n  

None 
3 
3 

None 
None 

7 
7 

None 
9 
9 

None 
4 
4 

None 
13 

13 
13 

6 
6 
6 

6 
3 
3 
3 
3 

1 2  
1 2  
1 2  
4 
4 

None 
None 
None 
None 

4 

- 
End 

None 
7 
7 

None 
None 

11 
11 

None 
13 
13 

None 
8 
8 

None 
1 7  

17  
17  
10 
10 
10 

10 
7 
7 
7 
7 

16  
1 6  
16 
1 2  
1 2  

None 
Nom 
None 
None 

1 2  

Type of 
combus t ion 
osc i l l a t ion  

Smooth 
Standing 
Smooth 
Traveling 
Smooth 

Trave U. ng 
Smooth 
Traveling 
Traveling 
Smooth 

Traveling 
Smooth 
Smooth 
Traveling 
Traveling 

Smooth 
Smooth 
Smooth 
Smooth 
Smooth 

Smooth 
Smooth 
Smooth 
Smooth 
Smooth 

Smooth 
Smooth 
Smooth 
Smooth 
Smooth 

Traveling 
Trave l i n g  
Traveling 
Traveling 
Smooth 
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T A B U  I. - Continued. PERFORMANCE DATA OF 1000-POUND-THRUST ROCKET 

EIYGINE USING LIQUID OXYGEN AND n-HEPTANE AS PROPELLANTS - 
- 

3un 

- 

106 
107 
108 
109 
110 

111 
1 1 2  
113 
114 
115 

116 
117 
118 
119 
120 

1 2 1  
122 
1 2 3  
124 
1 2 5  

126 
127 
128  
129 
130 

131 
13 2 
133 
134 
135 - 

lxidant - 
rue1 
Jeight 
' a t i o  

1.86 
2.00 
2.80 
1.93 
3.12 

2.85 
2.05 
1.97 
2.10 
2.04 

1.90 
3.70 
2.65 
2.05 
2.10 

3.70 
2.00 
2 .oo 
3.82 
2.75 

1.90 
3.60 
3.38 
1.95 
1.92 

2.90 
1.67 
1.61 
3.35 
1.85 

lotal 
rope l lan t  
' l o w  r a t e ,  

lb/sec 

.<. 

:hamber 
.ength, 

i n .  

25 
25 
18 
18 

1 7  
1 7  
1 7  
2 1  
2 1  

2 1  
2 1  
25 
25 
25 

19 
19 
20 
20 
20 

20 
20 
5 
5 
5 

13 
13 
13 
1 2  
1 2  

Fins 

3egin 

4 
None 

4 
4 

None 

10 
10 

None 
14 
14 

1 4  
14 
18 
18 
18 

10 
10 

7 
7 
7 

7 
7 

None 
None 
None 

None 
None 
None 

2 
3 

__ 

hd 

1 2  
30 ne 
1 2  
1 2  

tone 

14 
14 

(one 
18 
18 

18 
18 
22 
22 
22 

14 
14 

9 
9 
9 

9 
9 

None 
None 
Nom 

Nonc 
Nonc 
Nonc 

9 
9 

Type of  
combustion 
osc i l l a t ion  

Smooth 
Traveling 
Trave l i ng  
Smooth 
Trave l i n g  

Smooth 
Smooth 
Smooth 
Trave U ng 
Smooth 

Traveling 
Traveling 
Traveling 
Smooth 
Smooth 

Trave l i n g  
Smooth 
Smooth 
Traveling 
"rave l i ng  

Smooth 
Wave li ng 
Traveling 
Smooth 
Smooth 

Traveling 
Traveling 
Smooth 
Smooth 
SrnodA 
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TABLE I. - Continuec 

% a m b e r  Run 

__ 

136 
137 
138 
139 
140 

1 
141' 
14 2 
143 
144 
145 

146 
147 
148 
149 
150 

151 
15 2 
15 3 
154 
155 

156 
157 
158 
159 
160 

161 
16 2 

Fins 

. PERFORMANCE DATA OF 1ooO-POUND-THRUST ROCKET 

ENGINE USING LIQUID OXYGEN AND n - " E  AS PR0PEI;LANTS 

Oxidant - 
f u e l  
weight 
r a t i o  

3.60 
1.80 
3.40 
4.57 
2.18 

2.13 
4.52 
3.02 
1.98 
1.95 

2.93 
2.93 
3.08 
1.96 
2.01 

=3.0 
1.90 
1.78 
2.95 
1.87 

3.20 
2.55 
1.65 

3.15 

2.22 
1.99 
3.37 
2.93 
1.8s 

"3.0 

rota1 
propellant 
F l o w  r a t e ,  

lb/sec 

- 
;pe c i  f i c 
.mpulse, 
Lb - sec /lb 

1 2  
1 2  
32 
31 
31 

31 
31 
27 
27 
27 

27 
22 
22 
22 
22 

17  
17  
17  
20 
20 

20 
20 
20 
20 
16 

16 
1 6  
16 
20 
20 

None 
None 

2 
2 
2 

None 
None 

2 
2 

None 

None 
2 
2 
2 

None 

2 
2 

None 
4 
4 

4 
4 
4 
4 
2 

2 
2 

N O W  
8 
8 

Yone 
Yone 
29 
28 
28 

None 
None 
24 
24 

None 

None 
19 
19  
19 

None 

14 
1 4  

None 
1 2  
1 2  

12 
10 
10 
10 
6 

6 
6 

None 
16  
1 6  

Type of 
combust ion 
os  c i l l a t  i o n  

Traveling 
Traveling 
Smooth 
Smooth 
Smooth 

Smooth 
Traveling 
Smooth 
Smooth 
Smooth 

Traveling 
Smooth 
Smooth 
Smooth 
Smooth 

Smooth 
Smooth 
Traveling 
Standing 
Smooth 

Standing 
Smooth 
Traveling 
Standing 
Smooth 

Smooth 
Smooth 
Traveling 
Traveling 
Smooth 



.. 0 0 0  0 ..a e. eo e 

e o  0 0 0  e 0 a e. 

0 .  0 0  m a  0 0 
0 0  0 . 0  0 . 0  0 . 

0 
0 
0 

0 .  0 .  0 . 0  0 
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TABU I. - Concluded. PERFORMANCE DATA OF 1000-POUND-THRUST ROCKET 

ENGINE USING LIQUID OXYGEN AND n-HEPTANE AS PROPELLANTS 
- 
iiun 

- 
166 
167 
168 
169 
170 

1 7 1  
1 7  2 
173 
174 
175 

1 7 6  
1 7  7 
178 
179 
180 

1 8 1  
18 2 
183 
184 
185 

186 
18 7 
188 
189 
19c 

1 9 1  
19 2 
19 3 
194 
195 

19E 
19 7 
19e 
199 
ZOC 
201 - 

?lrUst, 
lb 

1180 
1190 
117 0 
1160 
1160 

1180 
1150 
1180 
105 0 
1140 

1070 
870 

1100 
1200 

910 
1100 
1000 
1125 
1160 

1100 
1050 
1030 
1130 
1220 

---- 

---- 
---- 
---- 
---- 
---- 
e- - -  

---- 
---- 
1080 
1150 
1240 

xidant - 
ue 1 
eight 
a t i o  

2.91 
3.20 
2.09 
3.13 
3.00 

3.1k 
1.95 
2.98 
2.81 
2.24 

2.83 
1.54 

2.68 
2.59 

2.53 
2.34 
2.46 
2.36 
3.33 

2.39 
2.31 
1.70 
3.32 
3.45 

2.73 
2.13 
3.52 
3.02 
1.97 

=3. 27 
“3.00 
3.11 
1.83 
3.50 
2.85 

“3.0 

‘otal  
rope l l a n t  
‘low rate, 

lb/sec 

5.04 
5.18 
4.95 
5.08 
5.14 

5.08 
4.91 
5.14 
4.68 
4.99 

4.81 
4.36 

4.75 
5 .oo 
4.58 
4.88 
4.58 
5.14 
5.29 

4.58 
4.39 
4.67 
4.84 
5.00 

5.06 
5.15 
5.29 
4.94 
4 -96 

5.12 

5.02 
4.78 
4.72 
4.81 

---- 

jpecif i c  
.mpulse , 
.b - se c /lb 

234 
2 29 
236 
231 
2 28 

231 
235 
230 
225 
2 29 

223 
200 

231 
23 7 

19 7 
2 25 
217 
219 
2 2 1  

237 
238 
2 23 
233 
245 

--- 

--- 
--- 
--- 
--- 
--- 
--- 
--- 
--- 
227 
243 

lhamber 
.ength, 

i n .  

20 
20 
20 
20 
20 

20 
20 
20 
14 
14 

14 
14 
20 
20 
20 

20 
20 
29 
29 
29 

29 
14 
14 
14 
14 

29 
29 
20 
20 
20 

20 
20 
29 
29 
29 
9.5 

P 

Fins 

egin 

___ 
8 
3 
8 
8 
8 

8 
8 
8 
2 
2 

2 

6 
6 
6 

6 
6 
2 
2 
2 

None 

None 
4 
4 
4 
4 

6 
6 
2 
2 
2 

2 
None 

1 2  
12 

None 
None 

- 
3nd 

16 
14  
14 
14 
14 

1 2  
1 2  
1 2  

6 
6 

6 
None 
10 
10 
10 

10 
10 

6 
6 
6 

None 
8 
8 
8 
8 

10 
10 
10 
10 
10 

10 
Nonc 

16 
1 6  

Nonc 
Nont __ 

’ype of 
:ombust ion 
)sc  i l l a t  i o n  

smooth 
smooth 
3mooth 
jtanding 
Craveling 

3mooth 
jmooth 
3tanding 
3mooth 
Smooth 

3mooth 
I’raveli ng 
3mooth 
I’rave l i ng  
standing 

3t andi ng 
Standing 
Smooth 
Smooth 
Smooth 

Trave l i ng  
Standi n:: 
Traveling 
Standing 
Standing 

Traveling 
Traveling 
Smooth 
Smooth 
Smooth 

Smooth 
Trave l i n g  
Traveling 
Traveling 
Trave l i n g  
Traveling 
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24 Holes, 0.046" diam. 'i r - 2 4  Holes, 0.042" diam. 
Holes, 0.046" diam 

Injector A (basic) 

A 

Injector B 

Section A-A 

Figure 3. - Injectors. 
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Section A-A 

12 Holes, 0.039" diam. 
12 Holes, 0.031'' diam. 

6 ,  0.039" diam. 

12 Holes, 0.052'' 
12 Holes, 0.047" 
12 Holes, 0.052" 

Injector D 

diam. 
diam . 
diam . 

Figure 3. - Continued. Injectors. 
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Film motion 

NACA RM E56C09 

Camera lens  
i n  system) 

Injector  Nozzle 

Combustion chamber I "  
LTransparent r ing  

Figure 4. - Optics for moving-film streak photography. Image of window 
s l i t  i s  represented on f i l m  a t  two d i f fe ren t  times t and t2. If ,  
during uniform veloci ty  of f i lm,  a br ight  l i n e  moves l i nea r ly  within 
the  combustion chamber from X t o  Y, the so l id  l i n e  w i l l  be traced on 
the  f i l m .  
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b-0.0005 Sec-4 

(a) Smooth combustion. 

&O.OO~ sec-1 

(b) Longitudinal wave. 

(c) Traveling 'wave form of tangential mode 

(d) Standing wave form of tangential mode viewed at anti-node point (zero 
pressure variation). 

(e) Standing wave form of tangential mode viewed at node point (maximum 
pressure variation). 

Figure 6. - Streak photographs of various oscillations in looo-pound-thrust 
rocket engine using liquid oxygen and E-heptane as propellants. 
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1.2 1 . 6  2 .0  2.4 2.8 3.2 3.6 4.0 4 . 4  
Oxidant-fuel weight r a t i o ,  o/f 

F i  u re  7 .  - Engine performance as a func t ion  of ox idant - fue l  weight r a t i o  
? i n j e c t o r  A ) .  
without f i n s ;  p rope l l an t s ,  l i q u i d  oxygen and fi-heptane. 

Combustion-chamber l eng ths ,  8 t o  32 inches;  wi th  and 
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10 

Cross s e c t i o n  of chamber 
showing f i n  p o s i t i o n s  

16 
k 4 Length of  f i n  

t J 0 Smooth run  

Standing tangen- 
t i a l  wave - E x  Travel ing  tan-  
g e n t i a l  wave 

0 \ \ -  I Longi tudinal  
1 wave 

E I T 
4 8 12 16 20 24 28 32 

Distance of f i n  from i n j e c t o r ,  i n .  

( a )  Oxidant-fuel weight r a t i o ,  1.5 t o  2.5. 

pimi-. - C ,  - Cccurrence of screaming with var ious  f i n  p o s i t i o n s  and engine l e n g t h s  
a i t t  100CI-pouna-thrust rocke t  engine u s i n g  liquid oxygen and =-heptane as pro- 
D F J - a r ' T E  ( i r . j c c t o ?  A ) .  
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Cross s e c t i o n  o 
showing f i n  pos 

+ - - I  
U 

y//////1 

f 
i 

' chamber 
t i o n s  

\ 

I I \ 
0 \ 

0 4 8 12 16 20 24 
Distance of f i n  from i n j e c t o r ,  i n .  

( b )  Oxidant-fuel weight r a t i o ,  2 . 5  to 4 . 0 .  

F igure  10. - Concluded. Occurrence of screaming with var ious  f i n  pos i t i on3  :'1c1 
engine lengths  r i t h  1000- ound-thrust  rocke t  ens ine  us ing  l i q u i d  3Xygtn JnJ 
- n-heptane a s  p r o p e l l a n t s  ? I n j e c t o r  A ) .  

Length of f i n  

Smooth run  

Standing tangen- 
t i a l  wave 

Trave l ing  t an -  
g e n t i a l  wave 

Longi tudina l  
wave 
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NACA - Langley Field, Vn. 


